Twisted skyrmions, whose helicity angles are different from that of Bloch skyrmions and Né el skyrmions, have already been demonstrated in experiments recently. In this work, we first contrast the magnetic structure and origin of the twisted skyrmion with other three types of skyrmion including Bloch skyrmion, Né el skyrmion and antiskyrmion.
Introduction
It has been recognized that the spin-polarized current-induced the motion and reversal of magnetic structures arises as a result of the spin transfer torque (STT) effect [1] [2] [3] [4] , which has attracted large interests due to the fundamental physics and potential applications in spintronic devices, such as magnetic random access memories (MRAMs) [5, 6] , racetrack memories [7, 8] , nano-oscillators [9] [10] [11] and logic devices [12] [13] [14] . Recently, it has been reported that the spin Hall effect (SHE) [15, 16] , generated by the pure spin currents flowed from the heavy metal substrate due to the strong spin-orbit coupling at the interface of ferromagnet/heavy-metal, is an alternative efficient method to manipulate the magnetization dynamics in magnetic materials [17] [18] [19] [20] . Compared with the STT, the SHE does not require currents flow through the magnetic layer, and then reducing the Joule heat and electromigration, i.e., avoiding the restricted effect of large current density in traditional STT devices [21] .
Magnetic skyrmions are chiral spin magnetization structures with topological properties and can be divided into the following types according to different types of Dzyaloshinskii-Moriya interaction (DMI) [22] [23] [24] [25] [26] : (i) Bloch skyrmmions are first discovered in bulk non-centrosymmetric B20-type lattice structures such as MnSi [27] , FeCoSi [28] [29] [30] , and FeGe [31, 32] due to the presence of bulk DMI; (ii) Né el skyrmions are observed in multilayered ultrathin films lacking inversion symmetry with strong spin-orbit coupling like Ir(111)/Fe [33] , Ta/CoFeB [34] and Pt/Co [35] due to the presence of interfacial DMI; (iii) Antiskyrmions are reported in Heusler compounds such as MnPtSn [36] due to the presence of anisotropic DMI [37, 38] . Recently, at the interface of chiral bulk Cu 2 OSeO 3 below a certain thickness, the so-called twisted skyrmions are demonstrated directly by the circularly polarized resonant elastic x-ray scattering, due to the breaking of translational symmetry at the surface of bulk ferromagnet [39, 40] . Up to now, the dynamics of twisted skyrmions driven by current have not been reported. Therefore, in this paper, on the basis of comparing the magnetic structure, origin and topological properties of the above four types of skyrmion, we focus on the dynamics of twisted skyrmions driven by the STT and the SHE and also analysis the simulation results by using Thiele's equations [41] .
Micromagnetic simulation details
Our magnetic simulation results are performed by using the Object Oriented MicroMagnetic Framework (OOMMF) public code [42] , which includes the additional modules for bulk DMI, interfacial DMI, anisotropic DMI and twisted DMI. The magnetization dynamics is described by numerically solving the Landau-Lifshitz-Gilbert (LLG) equation containing terms of the STT and the SHE [17, 20] , as follow: (2) where is the non-adiabatic factor, and v s is the velocity of the conduction electrons with the form s
where J is the current density, e is the electron charge, P is the spin polarization, is the reduced Planck constant,  0 is the permeability of free space, and M s is the saturation magnetization. The electrons flowing toward +x direction when v s > 0. The SHE term is given by
where L is the thickness of the magnetic layer with the value of 1 nm,  SH is the spin-Hall angle of Pt substrate with the value of 0.07, z is the unit vectors of the surface normal direction, and HM j is the current density injected into the heavy metal.
In order to eliminate the influence of the boundary effect on the size and dynamics of skyrmions, the 2D plane is assumed to 500 × 500 × 1 nm 
where D is the DMI constant representing the DMI strength, i S is the atomic moment unit vector, x and ŷ are the unit vectors in the model.
Topological properties of four types of skyrmions

A. Helicity, winding number and topological number
In order to better understand the helicity and winding number of skyrmions, we use the two-dimensional polar coordinates to describe a general magnetic skyrmion structure, as shown in 
B. Skyrmion size and dissipative force tensor
The diameter of twisted skyrmion size (d) is usually defined as the distance from in-plane to in-plane magnetization,
i.e., the distance between the region m z = 0, as shown in the inset of Fig. 4 . The dissipative force tensor D is used to describe the effect of the dissipative forces on the moving skyrmion [46] [47] [48] . For a single twisted skyrmion, D is given by
where D is the diagonal element of the dissipative tensor and also called dissipative parameter. The dissipative parameter D is determined by the diameter and domain wall width of the twisted skyrmion. Therefore, both d and D are affected by DMI strength as shown in Fig. 4 . With the increase in D DMI from 2.5 to 3.5 mJ/m 2 , d increases from 7.9 to 34.8 nm and D increases from 1.0577 to 1.961, respectively, for the twisted skyrmion.
Dynamics of twisted skyrmion driven by the STT
To understand the STT-induced motion of the twisted skyrmions, we first use the Thiele equation [41] to describe the dynamics of the four kinds of skyrmions mentioned above by casting the LLG Eqs. (1) and (2) to the following equation [46, 47] : We have known that the STT-induced twisted skyrmion motion is affected by the damping in the previous paragraph.
Following, we investigate the dynamics of twisted skyrmion induced by the STT under a damping gradient, as shown in nm along x axis, the twisted skyrmion begins to deflect in the +y direction because of  < . Therefore, the trajectory of twisted skyrmion induced by the STT can be controlled under a damping gradient.
Dynamics of twisted skyrmion driven by the SHE
SHE-induced motion of antiskyrmion has already been studied in Ref. [38] , which demonstrates that the antiskyrmion Hall angle depends on the direction of the current strongly. In this section, we focus on the SHE-induced motions of the skyrmions whose winding number W = 1(Bloch, Né el and twisted skyrmion). The LLG Eqs. (1) and (3) can be cast into the following form: (12) where G = (0 0 4) due to Q = 1, B is linked to the SHE, and the sign of B is determined by the SHE angle; R(χ) is the 
The skyrmion Hall angle  Sky can be obtained by the Eq. In contrast to the STT-induced twisted skyrmion motion under a damping gradient, we investigate the dynamics of twisted skyrmion driven by the SHE under a damping gradient, as shown in Fig. 10 . Figure 10 shows the corresponding skyrmion Hall angle  Sky as a function of its position along the x axis. The Eq. (14) implies that:
in the region 1D > 0, the twisted skyrmion moves along the x axis direction from 0 nm and deflects in the y direction until moving to the x axis of 114 nm where 1D = 0; in the region 1D < 0, i.e., from 114 to 200 nm along x axis, the twisted skyrmion deflects in the y direction. Therefore, the trajectory of the SHE-induced motion of twisted skyrmion can also be controlled by a damping gradient.
Conclusions
In summary, we first introduce the magnetic structure and the corresponding DMI of the twisted skyrmion in contrast to that of Bloch skyrmion, Né el skyrmion and antiskyrmion. Furthermore, we discuss and calculate the helicity, winding number, topological number, size and dissipative force tensor of the twisted skyrmion, which pave the way for the following study of the dynamics of twisted skyrmion driven by the STT and the SHE. For the STT-induced motion of twisted skyrmion, it is found that the skyrmion Hall angle is determined by the topological number, the dissipative force tensor and the difference between the Gilbert damping and the non-adiabatic factor. For the SHE-induced motion of twisted skyrmion, apart from the dissipative force tensor and the Gilbert damping, the skyrmion angle depends on the helicity significantly. At last, we demonstrate that the trajectories of both the STT-induced and the SHE-induced motion of twisted skyrmion can be controlled by a Gilbert damping gradient. These results may present guidance for the design of twisted skyrmion-based racetrack memories. 
